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This paper focuses on the effects of alkline-earth metal titante AETiO3 (AE¼Mg, Ca, Sr) doping on the microstructure and electric
characteristics of CaCu3Ti4O12 thin ﬁlms prepared by the sol–gel method. The results showed that the grain size of CCTO thin ﬁlms could be
increased by MgTiO3 doping. The movement of the grain boundaries was impeded by the second phases of CaTiO3 and SrTiO3 concentrating at
grain boundaries in CaTiO3 and SrTiO3 doped CCTO thin ﬁlms. Rapid ascent of dielectric constant could be observed in 0.1Mg TiO3 doped
CCTO thin ﬁlms, which was almost as three times high as pure CCTO thin ﬁlm and the descent of the dielectric loss at low frequency could also
be observed. In addition, the nonlinear coefﬁcient (α), threshold voltage (VT) and leakage current (IL) of AETiO3 doped CCTO thin ﬁlms
(AE¼Mg, Ca, Sr) showed different variation with the increasing content of the MgTiO3, CaTiO3 and SrTiO3.
& 2015 The Authors. Production and hosting by Elsevier B.V. on behalf of Chinese Materials Research Society. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Volume of the electrical devices could be greatly inﬂuenced
by the relatively dielectric constant εr of the medium materials.
The material with higher dielectric constant could be helpful
for the volumetric miniaturization of the electrical devices.
Recently, some non-ferroelectric dielectric materials were
discovered with huge dielectric constant, like NiO [1], CuO
[2], AFe1/2B1/2O3 [3] etc. Meanwhile, Subrmanian et al. [4]
had discovered a non-ferroelectric material CaCu3Ti4O12
(CCTO) with giant dielectric response in 2000s, and its giant
dielectric constant almost independent of temperature in the
range of 100–400 K [5–12]. In addition, Chung, et al [13] have10.1016/j.pnsc.2015.09.015
15 The Authors. Production and hosting by Elsevier B.V. on behalf
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nder responsibility of Chinese Materials Research Society.reported that the nonlinear coefﬁcient of the CCTO ceramics
could reach a value of 900, which even higher than a classical
varistor ZnO. Due to those remarkable properties, CCTO has
promising potential applications in capacitors and varistors.
However, the electric properties of CCTO still need to be
optimized and there still exists some arguments on the origin
of the giant dielectric response. Many models have been
proposed to explain the origin of the giant dielectric response
such as Maxwell–Wagner theory [14,15], Internal Barrier
Layer Capacitor (IBLC) model [7,16]. Intensive investigations
tend to use the IBLC model to explain the origin of the giant
dielectric properties, in which it suggest that the dielectric
constant is associated with semiconducting grains and insulat-
ing grain boundaries. For the trend of device minimization, the
use of the dielectric materials would be in the form of thin
ﬁlms. Considering the different of preparing method would
vary the microstructure and properties, the thin ﬁlms of CCTOof Chinese Materials Research Society. This is an open access article under the
D. Xu et al. / Progress in Natural Science: Materials International 25 (2015) 399–404400should be researched independently with CCTO ceramics. And
many studies also have been carried with CCTO thin ﬁlms
independently [15,17–25]. In our best knowledge, crystal
structure of CCTO is a complicated perovskite type, in which
Ti ions are in the central of the oxygenic octahedron; Cu ions
are bonded with O atoms through four chemical bonds; Ca
atoms occupy the points of the hexahedron body center and
vertices. Considering that the Alkline-earth metal titantes
(AETiO3), typical compounds of MgTiO3, CaTiO3 and
SrTiO3, have similar crystal structure with CCTO, and the
AETiO3 also has the giant dielectric properties and low
dielectric loss [26,27], it could be a good choice to dope the
alkali earth metal in CCTO thin ﬁlms through their titanate.
Although, several studies of CCTO/MgTiO3 ceramics [28,29]
and CCTO/ CaTiO3 ceramics [30] have been reported slightly
varieties on the electrical performance of CCTO ceramics, but
the difference of preparation method decreases the compar-
ability of their results, and the thin ﬁlms may also have
inconformity structure compared with the same content
ceramics.
In our previous work, the effects of MgTiO3, CaTiO3 and
SrTiO3 doped on the electric and microstructure characteristics
of CCTO ceramics [31] were discussed. In this work, MgTiO3,
CaTiO3 and SrTiO3 were used as dopant for AETiO3
(AETiO3, AE¼Mg, Ca, Sr) doped CCTO thin ﬁlms. Pure
and AETiO3-doped CCTO thin ﬁlms were prepared by the
sol–gel method. The phase formation, microstructure and
electric characteristics were examined in this paper. It is worth
to be noticed that, as indicated in other literatures [28,29], the
doping of MgTiO3 decreased the dielectric constant of CCTO
ceramics prepared by the solid reaction method. Our results
revealed that the MgTiO3 doping could greatly increase the
dielectric constant of the CCTO thin ﬁlms prepared by the sol–
gel method, which was almost three times as the pure CCTO
thin ﬁlm at low frequency. The reasons of this phenomenon
will be discussed.
2. Experiments
The sol–gel method was used to prepare the AETiO3
(AE¼Mg, Ca, Sr) doped CCTO thin ﬁlms. Analytically pure
Calcium acetate (Ca(CH3COO)2 H2O), copper nitrate (Cu
(NO3)2  3H2O) and tetrabutyl titanate (Ti(OC4H9)4), magne-
sium acetate (Mg(CH3COO)2  4H2O), strontium acetate (Sr
(CH3COO)2  1/2 H2O) were used as raw materials, nitric acid
were used as stabilizer. Pure CCTO was abbreviated as T0,
while the AETiO3 (AE¼Mg, Ca, Sr) doped CCTO was
labeled as TM10x, TC10x and TS10x (x¼0.1, 0.2, 0.3) in
the light of different doping element and different doping
content. For preparing the sol, Cu (NO3)2  3H2O and Ti
(OC4H9)4 were dissolved in sufﬁcient ethanol respectively.
Accurately weighed dopant alkline-earth metal acetates and
(Ca (CH3COO) 2 H2O) were dissolved and mixed in distilled
water with modest nitric acid as a stabilizer. The mixed AE2þ
and Cu2þ precursor solution was dropped into titanium
precursor slowly, following homogenized by magnetic stirring
for 1 h. After stirring adequate time, the blue transparent pre-sol was obtained. That obtained pre-sol was stewed 24 h to
form the sol.
Pure and AETiO3 doped CCTO thin ﬁlms were coated on
the substrates by dip coating methods. The n-type silicon wafer
with resistivity 0.01 Ω/cm was used as the substrate and the
bottom electron. The area of the bottom electron was about
1 cm2, and the resistant of the silicon is low enough for the
bottom wafer. Before coating, the substrates were put into
NaOH solution and carried supersonic vibrating for removing
the silicon oxide. Then, the substrates were put into distilled
water and carried ultrasonic oscillating for removing the
sodion. Later, the substrate were washed with the alcohol for
several times, removing the organics on surface. Finally, the
substrates were dried in air for coating thin ﬁlms. The pre-
treated silicon substrates were dipped into the sol for 30
seconds. After each dip coating, they were directly dried at
400 1C in a furnace for 10 min. A single layer of CCTO thin
ﬁlm could be obtained. To obtain the adequate size, this
process was repeated several times for all samples, following
annealed at 950 1C in air for 2 h and cooled inside of furnace.
The X-ray diffraction (XRD, SHIMADZU XRD-6000,
Japan), Scanning Electron Microscope (SEM, JSM-7500F,
Japan) were used to carry out the crystalline phase and
microstructure characteristics of the thin ﬁlms. For forming
the parallel capacitors, the top electron was coated by the silver
paste with the radius of 2.5 mm.The voltage–current (V–I)
characteristics were measured using V–I source/measure unit
(CJP CJ1001, China). The varistor voltages (VN) at 0.1 and
1.0 mA were measured at the threshold ﬁeld VT (V/mm)
(VT¼VN (1 mA)/d, where d is the thickness of the sample in
mm). The leakage current (IL) was measured at 0.75 VN
(1 mA). The nonlinear coefﬁcient α was determined by α¼1/
log (V1.0 mA/V0.1 mA) [32–42]. The dielectric characteristics
were measured by an Agilent HP4294A impedance analyzer.
3. Results and discussion
X-ray diffraction patterns of AETiO3 doped CCTO thin
ﬁlms are displayed in Fig. 1. All peaks of pure CCTO thin ﬁlm
are matched well with the peaks of standard perovskite type
CCTO PDF 21-0140 without any noticeable second phase.
MgTiO3 doped CCTO thin ﬁlms are also just single phase
CCTO without any noticeable second phase corresponding to
the Mg compound as indicated in Fig. 1(a). Considering that
the doping content of MgTiO3 is higher than the XRD detect
limitation, such phenomenon could be explained that the most
Mg2þ may enter in the lattice of CCTO.
A clear shift towards higher angles of the peak (2 2 0) with
the increment of x could be observed in the insert part of Fig. 1
(a), which indicates a decrease of the lattice parameter. In Fig.
1(a), since the Ca2þ has larger ionic radius (0.097 nm) than
Mg2þ irons (0.072 nm), it could be concluded that the Mg2þ
may substitute the Ca2þ site in the crystal lattice, decreasing
the lattice parameter [43]. The peak (2 2 0) position of the
TM1 and TM2 are nearly the same, indicating the similar
lattice constant. The Mg2þ substituting the Ca site in the
crystal may reach the maximal value excess the 0.3, the
Fig. 1. XRD patterns for pure and AETiO3 doped CCTO thin ﬁlms (AE¼Mg,
Ca, Sr). The inset parts are expanded view of the XRD patterns around 34.41,
showing the shift of (2 2 0) peaks.
Fig. 2. Surface and the cross section SEM image of the pure CCTO annealed
at 950 1C for 2 h.
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small scale to form the tiny phase which is lower than the XRD
detecting limitation. In Fig. 1(b), (c), some second phase
corresponding to the CaTiO3 and SrTiO3 could be observed,
which means the most doped Ca and Sr irons are concentrated
at grain boundaries, instead of entering in the crystal lattice.
The existence of second phases corresponding with CaTiO3
and SrTiO3 may affect the dielectric properties and nonlinear
characteristics of the CCTO thin ﬁlms.
Figs. 2 and 3 show the SEM images of pure and AETiO3
doped CCTO thin ﬁlms respectively. Fig. 2(b) shows the crosssection of the pure CCTO thin ﬁlm. Form the image, it could
be seen that the ﬁlm and the substrate have good adhesion. The
thickness of the sol–gel prepared thin ﬁlm T0 is about 590 nm.
Indicated from Fig. 2(a) and Fig. 3, the grain size was
increased by MgTiO3 doping. According to the literature
[44], the large grain size may be assisted on the increasing
of the dielectric constant. As mentioned former, the dielectric
constant of TM1 is much higher than pure CCTO thin ﬁlm.
The increasing of grain size could be one reason of the
dielectric constant increasement. In CaTiO3 and SrTiO3 doped
CCTO thin ﬁlms, there appears grain–grain boundary structure
as familiar with the MgTiO3 doped CCTO thin ﬁlms. Some
rod-like grains were found in CaTiO3 doped CCTO thin ﬁlms.
That may be the results of the concentration of the second
phase at grain boundaries. For SrTiO3 doped CCTO thin ﬁlms
the grains also reveal the obvious rod-like shapes. Comparing
with TS1 TS2, the rod-like grains of TS3 has the trend of
crossing growth. This may also be the results of the second
phase as well as the CaTiO3 doped CCTO thin ﬁlm.
Fig. 4 shows the frequency dependence of dielectric con-
stant (a) and dielectric loss (b) of AETiO3 doped CCTO thin
ﬁlms. Most samples have giant dielectric constant of about
2500 at low frequency and present a stable plateau in a broad
frequency range (105–107 Hz) as displayed in Fig. 4(a). It is
worth to be noticed that the sample TM1 shows giant dielectric
constant about 6000 at low frequency, nearly three times of the
pure CCTO thin ﬁlm. As displayed in literature [45–47], that
Fig. 3. SEM images of the fresh fractured surface for pure and AETiO3 doped CCTO thin ﬁlms (AE¼Mg, Ca, Sr) annealed at 950 1C for 2 h.
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size, and that increased grain size leads to an increase in the
dielectric constant, which can be represented by the following
equation:
ϵ¼ ϵgb D=d
 
where D is the grain size, d is the grain boundary thickness,
and εgb is the dielectric constant of the grain boundary. The
dielectric constant of CCTO is related with its grain size, larger
grains resulting in higher dielectric constants. As explained by
IBLC model, the dielectric properties of CCTO is extrinsic, the
larger grains contain more defects which lead to more carriers.
The increasing number of carriers would promote the con-
ducting of the grains. And the promoting of grains conducting
could increase the dielectric properties [48]. As mentioned in
XRD patterns and SEM images, the Mg2þ entered in the
crystal lattice of CCTO, substituting the Ca sites, and promot-
ing the growth of grain. Considering Ca2þ has larger ionic
radius than Mg2þ irons, substitution of Mg2þ may generatethe distort of the crystal lattice, as result, the disorder of the Ti–
O octahedron may be enhanced. The enhanced Ti–O octahe-
dron disorder may generate more carriers in the grains of
CCTO thin ﬁlms, which increase the conducting of grains.
Those may be the main reasons of the great improvement of
the dielectric constant in TM1. For the samples of CaTiO3 and
SrTiO3 doped CCTO thin ﬁlms, the dielectric constant of those
samples have not greatly been improved compared with
0.1MgTiO3 doped CCTO thin ﬁlms. There may be a small
part of Ca2þ and Sr2þ to enter in the crystal lattice and
decrease the lattice parameter according to the insert parts of
the XRD patterns. However the most Ca2þ and Sr2þ are
concentrated at grain boundaries forming the second phase to
impede the growth of the grain and change the orientation of
the grain, which may have counteractive effect of the dielectric
constant. The frequency dependence of dielectric loss (tan δ) of
the samples is shown in Fig. 4(b). The dielectric loss of all
samples shows a wide range of frequency independence at the
region of 105–107 Hz. The dielectric loss of the TM1 and TS1
Fig. 4. Frequency dependence of (a) dielectric constants and (b) dielectric loss
of pure and AETiO3 doped CCTO thin ﬁlms (AE¼Mg, Ca, Sr) annealed at
950 1C for 2 h.
Fig. 5. E–J behaviors of pure and AETiO3 doped CCTO thin ﬁlms (AE¼Mg,
Ca, Sr) annealed at 950 1C for 2 h.
Table 1
Nonlinear coefﬁcient (α), threshold voltage (VT) and leakage current (IL) of
pure and AETiO3 doped CCTO (AE¼ Mg, Ca, Sr) thin ﬁlms.
Samples α VT (V/cm) IL (μA)
T0 1.5 120.91 555
TM1 1.6 134.46 551
TM2 1.5 120.17 705
TM3 1.6 134.07 600
TC1 2.5 141.86 484
TC2 1.4 134.02 547
TC3 1.9 114.21 510
TS1 2.2 186.00 491
TS2 1.9 163.51 486
TS3 1.7 144.96 486
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which is indicated in Fig. 4(b). The minimum dielectric loss
0.114 could be observed in sample TS1 at 106 Hz. Those
results are helpful for the further decreasing of the dielectric
loss of CCTO materials.
Fig. 5 shows the current density-electric ﬁeld (J–E) curves
of AETiO3 (AE¼Mg, Ca, Sr) doped CCTO thin ﬁlms. In Fig.
5, strong nonlinear relationship between E and J could be
observed for all samples. The nonlinear coefﬁcient α at room
temperature is calculated from the current range of 0.1–10 mA
for all samples according to the equation I¼KVα, where K is
the content related to electrical resistivity of the material. Table
1 shows the nonlinear coefﬁcient (α), threshold ﬁeld (VT) and
leakage current (IL) of AETiO3 doped CCTO thin ﬁlms. From
Table 1, CaTiO3 doped CCTO has the best varistor properties
compared with the MgTiO3 doped CCTO thin ﬁlms and
SrTiO3 doped CCTO thin ﬁlms. Especially, sample TC1
stands out against other samples with the highest nonlinear
coefﬁcient, the highest threshold ﬁeld of and the lowest
leakage current, which is useful for the further researches
and applications. These good nonlinear characteristics could be
explained that the high threshold voltage and nonlinearcoefﬁcient corresponding to Schottky barriers and Schottky
barrier height at grain boundaries [49,50]. As mentioned in
analysis of the XRD patterns, the second phase generated at
grain boundaries may inﬂuence the Schottky barriers. As
indicated in Table 1, nonlinear coefﬁcient of the MgTiO3
doped CCTO has little variation along with the Mg content. It
could be explained that the Mg irons enter the lattice of CCTO
other than concentrating at grain boundaries, which has minute
effects on the Schottky barrier on grain boundaries. When the
content of CaTiO3 nearly 0.2, the nonlinear coefﬁcient is about
1.4, even lower than the pure CCTO thin ﬁlm. The similar
phenomenon happened in SrTiO3 doped CCTO thin ﬁlms as
well. Those interesting phenomenon will be further studied.
4. Conclusions
The existence of second phase corresponding to the CaTiO3
and SrTiO3 were discovered in CaTiO3 and SrTiO3 doped
CCTO thin ﬁlms respectively, while no trace of second phase
is found in MgTiO3 doped CCTO thin ﬁlms. For MgTiO3
doped CCTO thin ﬁlms, the dielectric constant increases
almost three times high as pure CCTO thin ﬁlm, which may
be the result of the substituting of Mg2þ distorting the CCTO
lattice and generating more defects increasing the conducting
D. Xu et al. / Progress in Natural Science: Materials International 25 (2015) 399–404404of the CCTO grains. The sample TC1 has the best varistor
properties like highest nonlinear coefﬁcient and the lowest
leakage current among the AETiO3 doped CCTO thin ﬁlms
which may be caused by the concentration of the second phase
of the CaTiO3 at grain boundaries. Excellent comprehensive
performances of TM1 and TC1 make them to be expected to
the application in the manufacturing of electronic components
like capacitors varistor, switching and transient voltage
suppressor.
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